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Abstract

Nanofluids are widely used in heat transfer applications. This article presents the effect of heat transfer and pressure drop of
the TiO,—water nanofluids flowing in a double-tube counter-flow heat exchanger with various flow patterns. In this
experimental work, performance of TiO,—water nanofluid on heat transfer in three different cases such as laminar,
transition and turbulent flow region were analyzed. TiO, nanoparticles with average diameters of 20 nm dispersed in water
with three volume concentrations of 0.1, 0.3 and 0.5 vol% were used as the test fluid. The results show that the heat transfer
of nanofluids is higher than that of the base liquid (water) and increased with the increase in Reynolds number and particle
concentrations. The heat transfer rate of nanofluid with 0.5 vol% was 25% greater than that of base liquid, and the results
also show that the heat transfer coefficient of the nanofluids at a volume concentration of 0.5 vol% was 15% higher than
that of base fluid at given conditions. Pressure drop of nanofluid was increased with increase in volume concentration, and
it is slightly higher than that of the base fluid.
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List of symbols Pp Density of nanoparticle (kg m™)
A Cross-sectional area (m?) (Cp)ys  Specific heat of nanofluid (kJ kg{l K™
c Specific heat (kJ kg~' K1) (Cp);  Specific heat of base fluid (kJ kg~' K™")
D Internal diameter of the tube (m) (Cp),  Specific heat of nanoparticle (kJ kg™ K™
K Thermal conductivity (W m~' K1) K¢ Thermal conductivity of nanofluid (W m~' K™
T Temperature (K) ke Thermal conductivity of nanoparticle
m Mass flow rate (kg s~ ') (Wm~ 'K
0 Heat transfer rate (W) ke Thermal conductivity of base fluid (W m~' K™')
Nuaye  Average Nusselt number Unf Dynamic viscosity of nanofluid (kg m~' s™")
h Heat transfer coefficient (W m™" K™ ot Dynamic viscosity of base fluid (kg m~' s™ )
Re Reynolds number 0. Heat transfer of cold fluid (kW)
Nu Nusselt number o Heat transfer of hot fluid (kW)
g Acceleration dew to gravity (m s72) 0. Heat transfer of base fluid (kW)
H Difference of pressure head (m) Ou Heat transfer of nanofluid (kW)
f Friction factor Omean  Average heat transfer of base fluid and nanofluid
L Length of the heat exchanger (m) (kW)
Pnf Density of nanofluid (kg m™) T Temperature of cold fluid inlet (K)
Pr Density of base fluid (kg m™) Thi Temperature of hot fluid inlet (K)
T.o Temperature of cold fluid outlet (K)
Tho Temperature of hot fluid outlet (K)
>4 R. Subramanian . hing Convective heat transfer coefficient of nanofluid
subramaniannano22 @ gmail.com (kW =2 Kil)
! Department of Mechanical Engineering, Sethu Institute of Pccla Density of carbon tetra chloride (Kg m73)
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Greek letters

¢ Dynamic viscosity (kg m™' s

¢  Volume concentration of nanofluid (%)
o Density (kg m ™)

Ap  Pressure drop (N m™?)

Suffix

i Inner tube or inlet
¢ Cold fluid

h  Hot water

f  Base fluid

p Particle

nf Nanofluids

Introduction

Dispersion of nano-sized particles like metals, metal oxi-
des, metal nitrides and carbon based additives in a base
fluid is known as nanofluid. These nanofluids are widely
used to enhance the heat transfer in boiler cooling systems,
heat exchangers, solar collectors, automobile radiators,
nuclear flasks and catalytic reactors. Nanofluids offer more
possibility to increase heat exchange efficiency than the
base fluid. Utilization of nanoparticles with base fluid
overcomes most of the problems. Usually nanoparticles
were used at very low concentrations; hence, sedimentation
in the flow line is very less.

During the past two decades, many of interested
researchers have focused their attention to analyze the
improvement of thermal conductivity by using nanofluids
[1-6]. Many other investigations employed on heat transfer
and flow characteristics of nanofluid in double-pipe heat
exchanger [7-16]. The convective heat transfer of
nanofluids under turbulent flow conditions was analyzed by
Pak and Cho [17]. The heat transfer coefficient of
nanofluids was 26% more than that of pure water, and the
heat transfer coefficient of the nanofluids at about 2%
volume concentration was 14% higher compared to that of
base fluid—water for the same condition.
Freidoonimehr et al. [18] derived the three-dimensional
flow models by using nonlinear differential and Navier—
Stokes equations for a rotating channel. Ding et al. [19]
conducted an experimental study on heat transfer of
nanofluids in the condition of laminar flow. Through this
study, they proved that the heat transfer coefficient of
nanofluid is greater than the pure water and the enhance-
ment also depends on nanoparticle’s volume fraction, and
the flow conditions. Sarafraz et al. [20] performed forced
convection experiments in laminar and turbulent flow
regimes. Their results showed that the nanofluid can
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enhance the thermal conductivity up to 56% compared to
base fluids. Investigation of flow and heat transfer of
nanofluids was carried out by Diao et al. [21]. They con-
cluded that the friction factor and Nusselt number of
nanofluids are higher than the water. Duangthongsuk and
Wong wises [22] studied experimentally on the pressure
drop and heat transfer performance of TiO,—water
nanofluids under turbulent flow regime and concluded that
compared to the base fluid pressure drop is slightly higher
for nanofluid in that turbulent regime. The effects of flow
rate, Reynolds’s number and concentration of nanofluids in
concentric tube heat exchanger were studied by Rohit et al.
[23]. Their results showed that the average heat transfer
rate increased with concentration of nanofluids.
Murshed et al. [24] determined the thermal conductivities
of TiO,—water nanofluids by using transient hot-wire
method, and their result showed that 33% enhancement of
thermal conductivity was obtained for the nanofluid with
5% volumetric concentration of nanoparticles.

Recently, heat transfer of nanofluid in laminar forced
convection through a bent channel was numerically
investigated by Yuan et al. [25]. Then they concluded from
this study that the local and average Nusselt number
increased with increasing nanoparticle volume fraction.
Rashidi et al. [26] and Abbas et al. [27] studied entropy
generation on magnetohydrodynamic blood flow of a
nanofluid stimulated by peristaltic waves. Then they pre-
sented mathematical models for the physical parameters of
velocity, concentration, temperature, and entropy. Their
numerical computation has been used to assess the pressure
rise and friction forces. Natural convection performance of
alumina—water nanofluid under the magnetic field was
investigated by Makulati et al. [28]. Their results pointed
out that the influence of nanofluid on Nusselt number
decreases by increasing Hartmann number. Kasaeian et al.
[29] analyzed the flow and heat transfer of nanofluid in
forced convection. Through this analysis, they concluded
that the flow of nanofluid depends on type and volume
fraction of nanoparticles and these parameters also increase
the value of Nusselt number and heat transfer rate.
Karimipour-Fard et al. [30] carried out a numerical study
on enhancement of heat transfer and design of heat
exchanger. Then they resulted that the cooling rate 40%
can be improved by using porous media. Analysis of var-
ious thermal properties, heat transfer characteristics and
effect of friction factor of hybrid nanofluids was done by
Syam Sundar et al. [31]. In this analysis, they observed that
thermal conductivity of nanofluids increased with temper-
ature and mass concentration. Naseemaa et al. [32] studied
about heat transfer enhancement of heat exchanger by
using aluminum oxide, copper oxide nanofluids with dif-
ferent concentrations. Through their study, they observed
that Al,O3 nanoparticles can enhance the convective heat
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transfer significantly and it increases with increase in
Reynolds number and also with concentration of
nanoparticles. The heat transfer and flow characteristics of
a hybrid nanofluid was investigated by Phanindra et al. [33]
which consists of transformer oil and 0.1% volume con-
centration of Al,O3/Cu nanoparticles. In this study, they
determined the properties of this nanofluid such as thermal
conductivity, density, viscosity. Moradi et al. [34] con-
ducted one experimental investigation on the heat transfer
characteristics of nanofluids with multi-walled carbon
nanotube in a countercurrent double-pipe heat exchanger.
From this study, they concluded that the highest increment
(35%) was obtained in the heat transfer coefficient, at the
lowest mass fraction (0.04 mass%) within the experiment
range.

With the above detailed discussion about previous
studies, most of the researchers reported about the heat
transfer performance and pressure drop in double-pipe heat
exchanger by using nanofluids under laminar or turbulent
regime alone. However, very minimum scholars studied
about heat transfer performance of nanofluids in transition
flow regime. Intention of this present experimental study is
to analyze the effect of TiO,—water nanofluid on heat
transfer enhancement with various flow regimes of laminar,
transition and turbulent with different volume concentra-
tions like 0.1%, 0.3% and 0.5%. The effect of volume
concentration of nanoparticles on various performance
parameters is discussed and demonstrated in detail.

Experimentation

Experimental process consists of two important activities.
First one is nanofluid preparation, and second one is fab-
rication of experimental setup and conducting experiments.
Both are discussed in the following chapters.

Preparation of nanofluid

To conducting this experiment, nanofluid preparation is the
first step. For this study, the nanofluids with volume con-
centrations of 0.1 vol%, 0.3 vol%, and 0.5 vol% were
prepared at Nano Laboratory of National Institute of
Technology, Tiruchirappalli, India, by dispersing TiO,
nanoparticles with an average size of 20 nm in de-ionized
water. For accurate experimental results, the nanofluid
should be homogeneous, steady and none of the sedimen-
tation. Hence, the prepared TiO,—water nanofluids were
kept under ultrasonication process for 4-5 h to obtain the
uniform dispersion of nanoparticles. Following this, the
sonicated nanofluids were stirred continuously for 2 h.
Then, the TiO, nanofluids are kept stationary for

observation and found that no particle settlement at the
bottom of the flask even after 48 h.

Experimental setup

For this analysis, the experimental setup was fabricated
with the following equipments, (a) double-pipe counter-
flow heat exchanger, (b) nanofluid and hot water circula-
tion units, (c) heating unit for working fluid, (d) tempera-
ture measurement units, (e) flow measuring equipments.
Figure 1 shows the schematic diagram of double-pipe
counter-flow heat exchanger, and Fig. 2 shows photo-
graphic view of experimental setup.

Test section of double-pipe counter-flow heat exchanger
is provided with length of 885 mm. The inner copper tube
has inner diameter of 7 mm and outer diameter of 10 mm
and total length of 3000 mm. The outer tube made of GI
with inner diameter of 22 mm and outer diameters of
27.5 mm. Table 1 shows the specification of double-pipe
counter-flow heat exchanger test section.

Nanofluid circulation system consists of the following
items: (a) reservoir/collection tank, (b) pump with bypass
line, (c) rotameter, (d) heat transfer test section, and
(e) radiator. From the reservoir, pump is used to circulate
the nanofluid throughout the circuit. Required mass flow
rate of the nanofluid is obtained by the adjustment of return
valve and rotameter. The radiator is used to control the
temperature of nanofluid and keep it constant at the inlet of
the test section.

Hot water circulation system consists of the following
items: (a) reservoir/collection tank, (b) pump with bypass
line, (c) rotameter, and (d) heat transfer test section. In
reservoir tank, 1500 W electric heater was installed with
thermostat which is used to maintain the temperature of hot
water. Hot water pumped from the reservoir tank and cir-
culates it throughout the circuit. The required mass flow
rate of the hot water is obtained by the adjustment of return
valve and rotameter.

Seven thermocouples were connected in the test sec-
tion. Four k-type thermocouples are used to measure the
inlet and outlet temperature of nanofluid and hot water.
Three k-type thermocouples are installed at test section at a
distance of 240 mm, 420 mm and 600 mm from the left
end, respectively. Test section was isolated by a 10 mm
thickness with insulation material in order to minimize the
heat loss to the surroundings.

A CCl; manometer was used to measure the pressure
drop. The pressure drop was calculated from the change in
the height of manometer column.

The mass flow rate of the hot water (333 k) was main-
tained as 5 Ipm (L/min) for all experimental trials. For each
and every test, the hot water inlet, outlet, nanofluid inlet,
outlet and intermediate wall temperatures were recorded.
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Fig. 1 Schematic diagram of double-pipe counter-flow heat exchanger

Fig. 2 Photographic view of
experimental setup

Table 1 Specification of test

section Part name Material Inner diameter in mm Thickness in mm Length in mm
Inner tube Copper 7 1.5 885
Outer pipe GI 22 2.75 885
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For various flow rates such as 0.2 Ipm, 0.4 lpm, 0.6 Ipm
and 0.8 Ipm, pressure drop readings were noted after the
steady state was reached. Sufficient pipe length is provided
before the fluid entering into the test section. Hence, the
flow is thermally and hydro-dynamically fully developed
one.

Adequate experiments with hot and cold water have
been carried out with the same input parameters. An
average is taken into consideration. It was found that the
deviation is within 5%. Nusselt numbers obtained from
standard correlations were compared with experimental
values for assessing the consistency. The result shows good
agreement and within the limit.

Uncertainty analyses

The uncertainties in the measurements are defined as the
root sum square of the fixed error of the instrument and
random error observed during various measurements. The
characteristics of the various measuring instruments used
in the experiments are given in Table 2.

Uncertainties associated with the dependent variables
like Reynolds number, friction factor and Nusselt number
are also estimated using the following equations [35].
Uncertainty in a measurement consists of two major
components such as bias error and random error. Bias error
is a constant and systematic error in the process. Random
error is the repeatability error. The uncertainty in the
experimental measurements is defined as the root mean
square of the fixed error and the random error.

0.5

ANu _
Nu

(AV) 2+ Al 2+ Ad 2+ AT, 2+ AT\ ?
% I d T, T

(4)

The calculations pointed out that the uncertainties

involved are £ 0.5% for Reynolds number, & 1.4% for

friction factor and =+ 0.14% for Nusselt number. The

experimental results are reproducible within these uncer-
tainty ranges.

Data reduction

The experimental data were used to calculate the Reynolds
number, heat transfer rate, heat transfer coefficient, Nusselt
number of Nanofluids with various percentages of volume
concentrations.

Properties of nanofluid

The thermophysical properties of nanofluids used in this
study were obtained by using the following equations.

Density of nanofluid

The density of the nanofluid was calculated by the use of
the Pak and Cho [17] correlation, which was defined as
follows.

Put = @Pp + (1 — @)p¢ (5)

Uncertainity = /(B2 + R2) (1) Specific heat of the nanofluid
ARe Am\2 A\ 2 0.5 Gy, is the effective specific heat of the nanofluids which
Re = (7) +(7) 1 (2) can be calculated from Xuan and Roetzel relation [36]
which is given as:
0.5
g _ (A(Ap))2+ (¥)2+(3 ¥)2+<2&) ((p(pCp)p+(1 — q)) (pcp)f)
f Ap L d Re Cpnf - (6)
Pnf
(3)
Z?ﬁ:suﬁfllcguirzgﬁfggisranges Instrument Range Accuracy Uncertainty/%
Temperature indicator 0-500 °C +1°C 33
Manometer 500 mm 1 mm 4
Rotameter 0-10 LPM (hot water) 0.2 LPM +2
0-1 LPM (nanofluid) 0.02 LPM +2
Ammeter 0-20 Amps 0.01 amp 0.2
Voltmeter 0-220 Volts 0.1V 0.2
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Thermal conductivity of the nanofluid

Thermal conductivity of the nanofluids can be evaluated by
Maxwell correlations given as follows [36]:

Ky + 2Ky — 29 (K; — K;)
K, + 2K + ¢ (Kr — Kp)

Kut = K¢ (7)

Maxwell’s formula shows the effective thermal con-
ductivity of nanofluids (K¢) on the thermal conductivity of
spherical particles Kp, the thermal conductivity of base
fluid (k¢) and volume concentration of the solid particles

(@)

Viscosity of the nanofluid

In the case of nanofluid

L = Hnr = dynamic viscosity of the nanofluid can be
evaluated by the correlations given by Brinkman [37]
extended FEinstein’s formula to be used with moderate
particle concentrations. For particle concentrations less
than 4%, the expression is as follows:

It = Hp(1 — q))z.s (8)

Heat transfer between hot water and nanofluid

Heat gained by the cold Water is given as [38]

0. = mcCc<Tco - Tci) (9)
Heat lost by the hot water is given as [39]
On = myCp(Thi — Tho) (10)

Heat gained by the cold fluid (with TiO,—water nano-
fluid) is given as [38]

an - mnanf(Tout - Tl ) (11)
Qmean _ <Qwater2+ an) (12)

The convective heat transfer coefficient for nanofluid
was calculated from the following equation: [40, 41]

_ Qmean
hat = <A(Twall - Tnfin)> (13)

The Nusselt number for nanofluid was calculated from
the following equation [35]

hnfD>
Nuye = 14
r (an (14)

Reynolds number can be calculated by (Re) [35]

Re = (M) (15)

Hiai
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The pressure drop may be calculated (AP) [35]
Ap = H(pccl4 - pw) (16)

The friction factor can be calculated for laminar flow as

( [35]

f= (;—4) (17)

Theoretical Nusselt number

Nusselt number is calculated from Duangthongsuk and
Wong wises correlation [22] as follows:

0.38
Nu = 0.074Re® "7 Pr %0 (18)

Result and discussion
Effect of volume concentration

The presence of TiO, nanoparticles enhances the thermal
conductivity of base fluid-water due to particle migration,
disordered movement and the mixing effect of particle near
the wall leading to the increase in heat transfer rate. An
enhancement in heat transfer rate is observed due to the
addition of nanoparticles even at very low concentrations.
5.4% increase in heat transfer rate is observed for a lower
Nanofluid concentration, and for 0.5 vol% of TiO, nano-
fluid, a further increase in the heat transfer rate of 25% is
observed. The relation between Reynolds number and heat
transfer rate is shown in Fig. 3. Heat transfer rate increased
with increase in Reynolds number. The same trend is
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Heat transfer rate/W

Fi

g. 3 Variation of heat transfer rate with Reynolds number
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followed in many of previous experiments [1, 12, 13].
When comparing the heat transfer rate in three different
flow patterns, the slope of heat transfer rate in transition
region is slightly higher compared to other two flow
patterns.

Effect of Reynolds number on pressure drop

Relationship between Reynolds numbers on pressure drop
for base fluid and nanofluids with various concentrations is
shown in Fig. 4. The experimental results showed the
pressure drop of 26%, 35% and 56% higher than the base
fluid for 0.1 vol%, 0.3 vol% and 0.5 vol% of TiO, nano-
fluid in laminar flow regime.

When comparing the experimental result of conven-
tional heat transfer, heat transfer in transition flow showed
that average enhancement of pressure drop is 34%, 40%
and 60% for 0.1 vol%, 0.3 vol% and 0.5 vol% of TiO,
nanofluid.

When comparing the experimental result of conven-
tional heat transfer Vg nanofluid heat transfer of turbulent
flow, it showed that average increment of pressure drop is
37%, 42% and 62% for 0.1 vol%, 0.3 vol% and 0.5 vol%
of TiO, nanofluid.

Effect of Reynolds number on friction factor

Figure 5 shows the variation of friction factor with respect
to Reynolds number. When comparing experimental results
in laminar flow, it showed that the average enhancement of
friction factor is 38%, 45% and 64% for 0.1 vol%,
0.3 vol% and 0.5 vol% of TiO, nanofluids.

500
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| —w— 0.1 % Vol TiO, Nano fluid
400 —%— 0.3 % Vol TiO, Nano fluid
| 0.5 % Vol TiO, Nano fluid
350 = ° 2
q |
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= 300
\8- 4
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5 v
2 200
[%2]
o
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100
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0 T T T T T T T T T T T T 1

— :
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Re

Fig. 4 Variation of pressure drop with Reynolds number

0.12
010 —4— Base fluid
' —¥— 0.1 % Vol TiO, Nano fluid
—*— 0.3 % Vol TiO, Nano fluid
0.08 - —u— 0.5 % Vol TiO, Nano fluid
S
©
Y
= 0.06 -
ie]
k3]
i
0.04
0.02
00 +—F—F7F—"—FT———T—T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Re

Fig. 5 Variation of friction factor with Reynolds number

When comparing experimental results in transition flow,
it showed that the enhancement of friction factor is 42%,
47% and 66% for 0.1 vol%, 0.3 vol% and 0.5 vol% of Tio,
nanofluids. In turbulent flow, it showed that the increase in
friction factor is 44%, 50% and 63% for 0.1 vol%,
0.3 vol% and 0.5 vol% of Tio, nanofluid.

The increase in volume concentration increases the
friction factor. It was because the increase in TiO,
nanoparticles increases the viscosity of base fluid accom-
panied by the increase in heat transfer enhancement.
Experimental result showed that the friction factor is more
when the flow is laminar and it is normal when it is tran-
sition and the friction factor decreases when the flow is
turbulent and when the mass flow rate is increasing.

Effect of Reynolds number on Nusselt number

Figure 6 shows the effect of TiO, water nanofluids on the
Nusselt number with reference of Reynolds number. The
addition of nanoparticles augments the overall thermal
storage capacity and augments the effective dynamic vis-
cosity which has adverse impact on convection. The
increase in volume concentration increases the Nusselt
number. It was due to the increase in thermal conductivity
of water.

The highest Nusselt number reached at 0.5% of volume
concentration. When the volume concentration increases,
simultaneously the surface area of the particle also
increases and enhances the heat transfer rate leading to the
increase in Nusselt number.
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Fig. 6 Variation of Nusselt number with Reynolds number
Performance evaluation criteria

Performance evaluation criteria (PEC) [8] are calculated
from the following formula

Nunanoﬂuid
Nubaseﬂuid ( 1 9)

. 1/3
fnanoﬂuid /
Soasefluid
In base or nanofluid, PEC is minimum at low flow rate

and maximum at high flow rate. That is PEC increased with
Reynolds number which is presented in Fig. 7. In

PEC =

1.2
1 —4— Present work (Base fluid-Water)
1.1 4 —®— Present work (TiO,-0.1 vol%)
T 1 | —w— Present work (Ti0,-0.3 vol%)
o
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2 | o
T e
<-C) 0.9 o
< .
g 1% -
.
2084 v
R v e
8 /4//////’ Py & l/////‘
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Fig. 7 Variation of performance evaluation criteria (PEC) with
Reynolds number
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nanofluid, PEC is also increased with percentage of volume
concentration.

Correlation equation

In this present work, a new correlation equation (Equa-
tion no. 20) was derived from the data obtained from the
tests with various volume fractions of nanofluids. It is a
function of Reynolds number, and volume fraction of
nanoparticles is as follow:

Nu = 0.44Re(].465(p—().052 (20)
30
28 - A Present work (TiO,-0.1 vol %)  +5%
2% ® Present work (Ti02—0.3 vol %)
¢ Present work (TiO,-0.5 vol %)
24 L] A
T 22 - . -5%
s
5 20
&
s 18 -
Nu = 0.44Re0-465 ()-0.052
16
14 4
*
12 4 A
nNF¥Hr—-r-—+—F-r—F—"7—"—"7—"T17"""T7""T""T7"
0 12 14 16 18 20 22 24 26 28 30
Nupredicted

Fig. 8 Relation between experimental and correlated values of
Nusselt numbers
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Fig. 9 Comparison with previous work—effect of Nusselt number
with Reynolds number

The predicted Nusselt number values within = 5% in
comparison with those with experimental data. Figure 8
shows the relation between experimental data and corre-
lated values of Nusselt numbers.

In this work, for 0.1 vol% of TiO, nanofluid, the Nusselt
number increases from 11 to 20. For 0.3 vol% of TiO,
nanofluid, the Nusselt number increases from 12 to 23. For
0.5 vol% of TiO, nanofluid, the Nusselt number increases
from 14 to 25. It shows that whenever the flow rate
increases, the Nusselt number increased with Reynolds
number as like as previous analysis done by Pak and Cho
[17] and it is presented in Fig. 9.

Conclusions

From the detailed analysis, the following conclusions were
obtained. Experimental results showed that the heat trans-
fer enhancement of 5.4%, 14% and 25% for the nanofluid
with 0.1 vol%, 0.3 vol% and 0.5 vol% of TiO, nanoparti-
cles. It shows that the enhancement of heat transfer is
directly proportional to volume concentration of nanofluid
and mass flow rate of the nanofluid. The nanoparticles
increase the surface area which results in increase in the
heat transfer rate. Experimental result showed that the
pressure drop is directly proportional to the mass flow rate
and concentration of the TiO, nanoparticles. Based on
flow, pressure drop is directly proportional to Reynolds
Number. By the use of nanofluid, the heat transfer rate is
increased considerably which leads to the reduction in the
size of the heat exchanger and in the fabrication cost. In

future it is expected that nanofluid can make substantial
impact in heat exchangers.
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